The interstellar neutral (ISN) gas enters the heliosphere and is detected at a few au from the Sun, as demonstrated by Ulysses and the Interstellar Boundary Explorer (IBEX ) missions. Ulysses observed ISN gas from different vantage points in a polar orbit from 1994 to 2007, while IBEX has been observing in an Earth orbit in a fixed direction relative to the Sun from 2009. McComas et al. (2018) reported about an IMAP -Lo detector on board the Interstellar Mapping and Acceleration Probe (IMAP ), with an ability to track the ISN flux in the sky. We present observation geometries for ISN gas for a detector with the capability to adjust the boresight direction along the Earth orbit over a year within a multichoice ISN observation scheme. We study science opportunities from the observations as a function of time during a year and the phase of solar activity. We identify observation geometries and determine the observation seasons separately for various ISN species and populations. We find that using an adjustable viewing direction allows for ISN gas observations in the upwind hemisphere, where the signal is not distorted by gravitational focusing, in addition to the viewing of ISN species throughout the entire year. Moreover, we demonstrate that with appropriately adjusted observation geometries, primary and secondary populations can be fully separated. Additionally, we show that atoms of ISN gas on indirect trajectories are accessible for detection, and we present their impact on the study of the ionization rates for ISN species.
INTRODUCTION
The neutral component of the very local interstellar matter (VLISM) enters the heliosphere unaffected by the local magnetic field and reaches close distances to the Sun being focused by the solar gravitational force and attenuated by the solar environment (e.g., Axford 1972; Fahr 1978; Thomas 1978) . Thus, the interstellar neutral (ISN) gas atoms can be used to probe the Sun's motion direction relative to the VLISM, as well as the physical state and composition of the VLISM (e.g., Möbius et al. 2004; Bzowski et al. 2019 ). ISN gas has been studied directly by in-situ measurements by the GAS experiment on board Ulysses (Wenzel et al. 1989; Witte et al. 1992 ) and the IBEX -Lo experiment on board the Interstellar Boundary Explorer (IBEX, McComas et al. (2009) ; Fuselier et al. (2009) ; Möbius et al. (2009b) ). Also, indirect methods have been developed to study the ISN gas via observations of the resonant backscatter glow (Bertaux & Blamont 1971; Ajello et al. 1987; Vallerga et al. 2004; Quémerais et al. 2014 ) and pickup ions (Möbius et al. 1985; Gloeckler et al. 1993; Drews et al. 2012) .
Ulysses had the capability to track the ISN beam along the polar orbit during ISN observation periods from 1994 to 2007 at distances from the Sun of 1−2.5 au. IBEX -Lo operates in Earth's orbit from 2009 and has a field of view (FOV) fixed perpendicularly to the Sunpointing spin axis of the spacecraft. The fixed observation geometry of IBEX -Lo limits the observation time during a year. The measurements by GAS/Ulysses and IBEX -Lo have provided the ISN gas flow velocity and temperature (Witte 2004; Bzowski et al. 2012; Möbius arXiv:1911.10265v2 [astro-ph.SR] 16 Dec 2019 Dec et al. 2012 Bzowski et al. 2014 Bzowski et al. , 2015 Schwadron et al. 2015; Wood et al. 2015b) , the VLISM composition by determination of Ne/O and D/H ratios Park et al. 2014; Rodríguez Moreno et al. 2014; Wood et al. 2015a) , and the first direct sampling of the secondary population of ISN gas created in the outer heliosheath (OHS), the so-called Warm Breeze of He Kubiak et al. 2016; Bzowski et al. 2017; Wood et al. 2017; Kubiak et al. 2019) and the secondary population of O (Park et al. 2016; Baliukin et al. 2017; Park et al. 2019) . The analysis of the first two years of IBEX -Lo measurements of ISN He opened a discussion about the ISN gas flow vector and temperature (Frisch et al. 2013; Lallement & Bertaux 2014; Frisch et al. 2015) . Reanalysis of Ulysses measurements Katushkina et al. 2014; Wood et al. 2015b ) and analysis of both the primary He gas and the Warm Breeze observations by IBEX -Lo Swaczyna et al. 2015; Möbius et al. 2015; Schwadron et al. 2015) led to the conclusion that the ISN flow vector agrees between Ulysses and IBEX -Lo measurements; however, the temperature is higher than the one determined in the original analysis of the Ulysses data (Witte 2004; Witte et al. 2004; McComas et al. 2015) .
Ulysses and IBEX measurements revealed opportunities to the study the VLISM and OHS through observations at close distances to the Sun with different observation geometries, but many questions about the ISN gas flow, VLISM, and OHS remain open (Section 2). On 2018 June 1 NASA selected a next heliospheric mission, the Interstellar Mapping and Acceleration Probe (IMAP ; McComas et al. (2018) ). The mission is dedicated to studying the acceleration of energetic particles and interaction of the solar wind with the interstellar medium. IMAP will be on a halo orbit around the SunEarth L1 point. One of the instruments for the planned mission is a single-pixel neutral atom imager, IMAP -Lo mounted on a pivot platform (see Table 5 in McComas et al. (2018) ). This instrument takes it heritage from IBEX -Lo with a better collection power and the capability to change the inclination of the viewing direction to the spacecraft rotation axis (see Section 4.1 in McComas et al. (2018) and Section 3 here). The goals for IMAP -Lo are to deliver energy and angle-resolved measurements of ISN atoms for H, He, Ne, O, and D tracked over many months during a year and energy-resolved global maps of energetic neutral atoms (ENAs) .
In this paper, we present observational opportunities for an ISN gas instrument with an adjustable boresight direction. We study the ISN gas of He, H, Ne, O, and D as seen by an instrument located in Earth's orbit.
We discuss how to optimize the observation geometry to maximize the scientific effectiveness of the measurements during a year. We illustrate our findings by simulations, adopting observation geometries of the planned IMAP -Lo detector. However, our conclusions can be applied to any instrument located in the ecliptic plane close to Earth's orbit. The key feature of the instrument is the ability to change the boresight inclination relative to the Sun-pointing spin axis of the spacecraft.
We briefly discuss the state-of-the-art knowledge and open questions in the study of ISN gas flow and VLISM and OHS via ISN gas in Section 2. The technology for ISN observation on an example of IBEX -Lo is presented in Section 3. The methodology used to calculate the ISN gas flux is described in Section 4. The opportunities for ISN observation with adjustable boresight direction are discussed in Sections 5 and 6. The resulting locations of the maximum flux are discussed in Section 5.1 and a comparison to the fixed geometry of observation is presented in Section 5.2. The observation geometry to resolve the secondary populations of ISN He and ISN H is discussed in Section 6.1. The observation geometry for ISN Ne and O is presented in Section 6.2. Possibilities for detection of ISN D are discussed in Section 6.3. The indirect beam of ISN He is presented in Section 6.4. At the end, we present a potential observation plan for the ISN gas during solar maximum in Section 7. We summarize the study in Section 8.
FROM THE EARTH TO THE VLISM
Observations of ISN gas from inside the heliosphere allow for the following:
I. Precise determination of the ISN flow direction, speed, and temperature. II.
Resolving the secondary population from the primary population flow (for ISN H, He, and O). III. Investigation of the plasma flow and its characteristics in the OHS (by analysis of the secondary populations). IV. Analysis of filtration in the OHS and ionization degree of interstellar species at the heliospheric boundary. V.
Study of hypothetical departures of ISN He in the VLISM from the Maxwell-Boltzmann distribution (nonequilibrium processes and temperature anisotropy). VI. Study of the solar ionization rates (by joint analysis of the direct and indirect beams of the ISN He gas flow). VII. Study of the VLISM composition by determination of the D/H and Ne/O ratios. The order of the science opportunities (SOs) listed above is organized so that each following topic requires results of the previous one, as illustrated in Figure 1 . In this section we present relations between these SOs, and later in the paper we discuss how these SOs can be achieved with the capability to adjust the boresight direction of the detector. A potential observation plan to fulfill these SOs during a one year is presented in Section 7.
The fundamental science goal is the precise determination of the ISN gas flow parameters (SO I). The knowledge of the flow details is a prerequisite for all further investigations and is fundamental to our knowledge of the VLISM. This includes determination of the outer boundary condition for understanding the solar-interstellar interaction. A fixed observation geometry of IBEX -Lo led to a parameter correlation tube (see, e.g., Figures 22 and 23 in Bzowski et al. (2012) , Figure 8 in Möbius et al. (2012) , Figure 4 in Swaczyna et al. (2015) , Figure 7 in Schwadron et al. (2015) ), which is not present in the analysis of the Ulysses measurements from different vantage points (see, e.g., Figures 11 and 12 in Bzowski et al. (2014) ). Moreover, as mentioned in Section 1, cross-analysis of Ulysses and IBEX -Lo data led to a new estimate of a higher VLISM temperature. An opportunity to follow the ISN flow by continuous measurements of ISN gas distribution along the orbit around the Sun should allow for removing of the correlation of the flow parameters (direction, speed, and temperature) known as the parameter tube. Additionally, with continuous observations of the ISN flux throughout the year, observations in the upwind direction are accessible. In this region the atom trajectories are only negligibly deflected by the gravitation force, and the flow is less attenuated by the solar environment (see Figure 2) . This allows for a more precise determination of the ISN flow direction. Moreover, the primary He, H, Ne, and O flows are co-aligned in this portion of the heliosphere. Observations in the upwind direction, together with increased measurement statistics and detection efficiency, should enable a detailed study of how closely aligned the flows of these species are. This has not been possible with Ulysses and IBEX -Lo, due to the measurement locations and low statistics of heavy atoms (Möbius et al. 2009b; Wood et al. 2015a) .
Only with precise determination of the primary flow is an accurate analysis of the secondary populations is possible (SO II, see also discussion in Bzowski et al. (2019) and Kubiak et al. (2019) ). The primary population is a parent population for the secondary population (Baranov & Malama 1993; Bzowski et al. 2017) , which is a result of the charge exchange process between ISN gas and plasma in the OHS. Thus, the primary flow parameters and a prerequisite knowledge about the plasma flow in the OHS are necessary for the study of the production of the secondary populations. Next, a precise study of the secondary population flow gives an opportunity for a remote study of the details of the plasma flow and characteristics in the OHS (SO III), including deflection and heating. As presented by Kubiak et al. (2014) (their Figure 12) and by Bzowski et al. (2017) (their Figure 7) , secondary population atoms enter the heliosphere from a wide portion of the sky. They represent a probe for a spatial distribution of the plasma in the OHS, the region of their origin. However, a detailed analysis of the OHS through the Warm Breeze observations is hampered by the fixed observation geometry of IBEX -Lo. The observation season is limited in time and covers a low count rate portion of the signal (e.g., Kubiak et al. 2019) . The secondary populations of ISN He and O have been detected by IBEX -Lo Park et al. 2016) , but limitations of the IBEX observation geometry (more in Section 3) do not allow for a more thorough study, nor for a separate study of secondary ISN H. Additionally, as pointed out by Park et al. (2019) , the abundance ratio of secondary to primary O, as determined from observations, stands in disagreement with model predictions, raising questions about the plasma characteristics in the OHS. In Section 6.1, we present how to observe the secondaries without a significant contribution from primary populations and thus fully resolve these two populations.
With the knowledge of the ISN flow details and plasma interaction in the OHS and with better statistics of observations of ISN gas of various species, which can be achieved with an appropriate observation geometry, the study of how OHS filtrates ISN species in the OHS (Schwadron et al. 2016 ) and the ionization degree of the VLISM ) is feasible (SO IV). However, as the analysis of IBEX -Lo measurements demonstrated, an extended observation period and an increased collection power are necessary to fulfill those goals. Therefore, we present an observation plan for ISN gas with the adjustable boresight direction instrument to achieve adequate statistics to study SO IV.
The question of a possible departure of the ISN gas from thermal equilibrium has been raised in the past, and more recently in connection with the IBEX -Lo measurements of ISN He gas . A thorough study of the anticipated signature of nonequilibrium processes in the measured ISN gas flow (SO V) will be facilitated by the precise determination of the flow parameters (SOs I and II) and the plasma properties in the boundary regions of the heliosphere (SOs III and IV). But, as shown by, e.g., Sokó l et al. (2015b) ; Swaczyna et al. (2019) ; Wood et al. (2019) , thus far the search for possible kappa-like signatures or asymmetries in the distribution function has not been conclusive with IBEX -Lo and Ulysses. A longer observation season at a location free from terrestrial contamination with enhanced sensitivity should resolve this question.
The ISN gas flow is attenuated inside the heliosphere by the solar environment, the ionization rates, and the radiation pressure, which act differently on different species (see, e.g., . To study the processes in front of the heliosphere, a correction for the solar modulation of the ISN flux measured at ∼ 1 au along its path through the heliosphere is necessary (Bzowski 2008) . The ionization processes acting on the ISN atoms can be assessed from the solar wind and the solar EUV radiation measurements. However, an insight into the effective ionization rates for the ISN gas, in particular, inside 1 au, where electron impact ionization becomes important, will become accessible through a study of the ISN indirect beam (SO VI). This remote investigation of the solar ionization rates is possible if only the indirect beam is detectable. We show that the indirect beam atoms are accessible for detection with properly directed boresight during the second half of a year.
The ISN flow parameters (SOs I and II), together with the plasma characteristics in the OHS (SOs III and IV) and heliospheric ionization losses, obtained in a consistent way for various species (SO VI), enable the study of the VLISM composition (SO VII). IBEX -Lo has demonstrated a possibility for such a study Park et al. 2014) . However, better statistics of ISN Ne and O, as well as D and H, are required to improve the precision of the Ne/O and D/H ratios. We discuss the preferable viewing directions for these species during a year.
MEASUREMENTS OF ISN GAS
We discuss the measurement technique based on the IBEX -Lo instrument, which is the heritage for IMAPLo. IBEX -Lo collects atoms in the energy range from 0.01 to 2 keV, which allows us to observe the ISN gas of He (Möbius et al. 2009b ), H (Saul et al. 2012) , D (Rodríguez Moreno et al. 2013) , Ne and O , and H ENAs (Fuselier et al. 2012; Galli et al. 2014) . The instrument registers negative ions released from a specially designed conversion surface subjected to impact of various species of ISN atoms (Fuselier et al. 2009; Möbius et al. 2009a) . The measurement method depends on the species and the ability of the conversion surface of the detector to produce stable negative ions. H and O atoms are observed directly via conversion to negative ions on the carbon conversion surface. However, noble gases do not produce stable negative ions (Wurz et al. 2008; Möbius et al. 2009a) , and thus detection of ISN He and Ne atoms is via analysis of the ratio of H − , C − , and O − ions sputtered from the conversion surface. The energy distribution of the sputtered negative ions is distinctly different from that of the converted ions. Whereas the latter still peak in energy only with a slightly reduced energy over the incoming neutral atoms, the energy distribution of the sputtered ions has a cutoff at an energy below the incoming energy, rises to a maximum near half the incoming atom energy, and continues at almost the same level to very low energies, as indicated in Figure 1 of Möbius et al. (2012) Moreno et al. (2014) .
The IBEX -Lo ISN observation season is limited to an interval from mid-November (when the Warm Breeze starts to be detectable) to April (when the ISN H signal fades out) each year. In the remaining months the ISN gas is not observed owing to magnetospheric contamination and insufficient collection statistics outside the peak of the flow due to the low flux and low impact energy of atoms in the spacecraft frame, as well as the existence of a detector energy threshold (Galli et al. 2015; Sokó l et al. 2015b) . As discussed by Sokó l et al. (2015b) and Swaczyna et al. (2019) , the observation time and energy limitations preclude any study of departures from the Maxwell-Boltzmann distribution function of the ISN He flow (see also Wood et al. 2019) . The signatures of kappa-like distribution functions in the source region for ISN He are expected either in orbits contaminated by the magnetospheric signal or in orbits where the predicted signal is below the instrument energy threshold. Moreover, even when the distribution function of the ISN He gas in the VLISM is MaxwellBoltzmann, Kubiak et al. (2019) reported that departures of the observed signal from the two-Maxwellian approximation (including secondary population) observed in the Earth's orbit are also challenging to detect. Additionally, the IBEX observation geometry results in a correlation of the determined ISN flow parameters, the so-called parameter tube Bzowski et al. 2012) , which is not present in the analysis of Ulysses ISN observations (Witte 2004; Bzowski et al. 2014; Wood et al. 2015b ). This implies that the correlation of ISN flow parameters can be resolved with an observation scheme that includes different vantage points along the Earth orbit. Additionally, observations of the ISN flow in the upwind hemisphere, where the trajectories are not significantly affected by the gravitational bending, should allow for precise determination of the flow direction.
As mentioned in Section 1, IMAP -Lo is a detector similar to IBEX -Lo that will observe the ISN gas from the vicinity of Earth's orbit in an energy range from 5 eV to 1 keV. Due to its orbit around the Sun-Earth L1 point, the measurements will not be affected by the terrestrial magnetosphere and will operate in lower backgrounds. This location provides us also with an opportunity to detect the ISN gas throughout many months of the year. IMAP -Lo will be mounted on a moving platform with pivot angle in a range of 60
• − 180
• with respect to the spacecraft spin axis directed toward the Sun (McComas et al. 2018 ). This will allow us to track the ISN flow signal in the sky (Figures 2 and 4) . IMAP -Lo will have a better collection power than IBEX -Lo, because of increased (1) viewing time due to low backgrounds at L1, (2) geometric factor, (3) duty cycle, and (4) efficiency (McComas et al. 2018) . • (as in the IBEX observation geometry) is marked by blue circles. For εFOV< 90
• the boresight is directed toward the sunward hemisphere; for εFOV> 90
• the boresight is directed antisunward.
We calculate the expected fluxes for ISN gas of various species using the framework of the numerical Warsaw Test Particle Model (nWTPM; Sokó l et al. (2015a) ). In this model, the so-called hot paradigm of the ISN gas distribution in the source region is applied (Thomas 1978; Wu & Judge 1979; Fahr 1978 Fahr , 1979 ) assuming a Maxwell-Boltzmann distribution function in the VLISM with thermal speeds, 1 including the differences in mass of the species discussed. The trajectories of the atoms are traced back from the observer location to the source region beyond the solar wind termination shock with ionization rates and radiation pressure variable along the trajectory both in time and in space (Bzowski 2008; Tarnopolski & Bzowski 2009 ). The radiation pressure, which is nonnegligible for ISN H and D atoms, is adopted from Kowalska-Leszczynska et al. (2018b) . The ionization rates used in the study are assessed based on available solar wind and solar EUV flux measurements as described in .
We consider the primary and secondary populations for ISN He, H, and D and the primary population for ISN Ne and O. The ISN flow parameters (velocity and temperature) of the primary ISN gas populations are adopted from the results of the analysis of the IBEXLo direct sampling of ISN He flow after Bzowski et al. (2015) :
where λ pri and φ pri are the ecliptic longitude and latitude of the flow in the source region (in ecliptic J2000
is the thermal speed, where m is the atomic mass of the species, T is the temperature of a given population, and k is the Boltzmann constant. coordinates), respectively, v pri is the flow speed, and T pri is the gas temperature. The simulation parameters used here are identical for the primary H, D, He, Ne, and O. For the secondary He population, we use the results from the study by Kubiak et al. (2016) :
• , φ sec,He = 11.95
• , v sec,He = 11.28 km s −1 , T sec,He = 9480 K, ξ sec,He = 0.057, with ξ sec,He being the abundance with respect to the primary population. As did Kowalska-Leszczynska et al.
(2018a), we adopted the density, temperature, and speed of the secondary H after Bzowski et al. (2008) , but with the inflow direction identical as for the secondary He:
The angles between the inflow directions of the primary and secondary populations of He, according to the parameter determination by Kubiak et al. (2016) , and of H, based on the kinetic-MHD model of the heliosphere by Izmodenov & Alexashov (2015) , are both about 8
• . Additionally, the deflection angle for primary H from the unperturbed inflow direction of ISN He is about 1
• (according to the model by Izmodenov & Alexashov (2015) ). Therefore, the adopted assumptions about the inflow directions of primary and secondary H should not bias the results, especially when these two flow directions have not been fully resolved by observations yet. Following Kubiak et al. (2013) , the parameters of the primary and secondary D are adopted as for H, with the densities multiplied by the interstellar abundance ξ D = 15.6 ppm (Linsky et al. 2006) . The adopted densities of the ISN species in the source region (assumed upwind at the solar wind termination shock) are the following: Kubiak et al. 2013) , n ISN,He = 1.5 × 10 −2 cm −3 (Witte 2004) , n ISN,Ne = 5.8 × 10 −6 cm −3 (Slavin & Frisch 2007 , 2008 , and n ISN,O = 5.0 × 10 −5 cm −3 (Slavin & Frisch 2007 , 2008 . From here on, we use the following naming convention: He pri , H pri , and D pri for the primary population of He, H, and D; He sec , H sec , and D sec for the secondary populations; He ISN , H ISN , and D ISN to name the sum of the respective primary and secondary populations. In the case of Ne and O we consider only one: the primary, population. The secondary population of ISN O has been detected based on IBEXLo measurements by Park et al. (2016) ; Baliukin et al. (2017) ; Park et al. (2019) . However, the abundance ratios of secondary to primary O obtained from data analysis and modeling differ significantly. Park et al. (2019) derived the abundance ratio of 0.5, which is twice the ratio estimated by Baliukin et al. (2017) and higher than the ratio predicted by Izmodenov et al. (1997) . As discussed by Park et al. (2019) , this discrepancy indicates a necessity for reevaluation of the secondary O production model in the OHS. Therefore, we refrain from calculation of the secondary O population in this study.
The nWTPM software, which was used in the analysis of IBEX -Lo measurements (e.g., Bzowski et al. 2015; Kubiak et al. 2016) , has been adjusted to the present study. The modifications include variation of the viewing direction with respect to the spacecraft spin axis (the varying FOV elongation angle, ε FOV ) and enlarging of the collimator FOV to ∼ 9
• at FWHM while keeping its hexagonal shape from IBEX -Lo. The collimator transmission function, as described in Sokó l et al. (2015a) , but adjusted to larger FOV, is included. For each observation direction the velocity distribution function of the gas is calculated and integrated in the reference frame of a detector moving in the Earth's orbit (the Earth velocity is included). Next, the moments of the velocity distribution function are calculated. We focus on flux and average kinetic energy computed from the meansquare speed of the atoms relative to the spacecraft calculated from integration of the velocity distribution function over the full relative speed range determined as described in Sokó l et al. (2015a) . No instrument energy bands or energy sensitivity functions of the detector are considered.
The simulations cover a year of observations with a 4-day time resolution for solar minimum and solar maximum conditions as in 2009 and 2015, respectively. We selected these two years because they follow the solar activity forecast for the coming solar cycle (Pesnell & Schatten 2018) . As the time unit we use day of year (DOY). We performed the calculations for various elongations of the FOV (ε FOV ), defined as the angular distance between the boresight of the FOV and the direction toward the Sun. The calculation grid is presented in Figure 3 . In the simulations, the elongation angle varies from 60
• to 180
• with a spacing of 4
• . We also simulate the IBEX -Lo observation geometry, ε FOV = 90
• . For ε FOV < 90 • , the boresight is directed into the sunward hemisphere, and for ε FOV > 90
• it is directed into the antisunward hemisphere. However, elongations ε FOV 160
• should be considered with cautious because of possible contamination of the signal by the Earth's exosphere (Baliukin et al. 2019 ). For each DOY-ε FOV point in the calculation grid (Figure 3 ), we calculate the flux as it would be observed by a detector on a spinning spacecraft; thus the signal is collected from a circle in the sky (great circle for ε FOV = 90
• and small circles for ε FOV = 90
• ). A full range of spin angles (360 • ) from the northernmost direction with a resolution of 6
• is considered.
Figures 2 and 4 illustrate the advantage of the adjustable boresight for ISN studies. Figure 2 presents a bird's-eye view of the observation geometry. The ISN gas flows from the right-hand side (it is the upwind direc-tion). In each point of the spacecraft orbit, two beams of ISN gas intersect, one at θ and the other at the 360
• − θ angle measured between the space vector and the initial velocity vector (Fahr 1968a,b; Axford 1972 ). The trajectories with two different impact parameters belonging to the same space point are referred to as direct and indirect trajectories. The elongation of the arrival direction of the ISN beam in the spacecraft frame depends on the inflow direction and speed of the ISN gas and the location of the spacecraft in its orbit around the Sun. A comparison of the portion of the sky sampled by the detector's FOV for various ε FOV including ε FOV = 90
• as on IBEX -Lo, is presented in Figure 4 . A detector with an adjustable boresight (like IMAP -Lo) will be able to probe the flux not accessible to IBEX, like on DOYs 153 (almost at the upwind direction) and 217. The polar regions are accessible for observations only with ε FOV close to 90
• , and the portion of the sky covered by the FOV during one spacecraft spin decreases with an increase of angular distance to ε FOV = 90
• , with almost point-like measurements for ε FOV > 170
• . Additionally, as illustrated in the bottom panel of Figure 4 , on DOY 285 the indirect beam peak is accessible with the elongation angle set to 60
• from the sunward direction (see also Figure 2 ), while with ε FOV = 90
• the faint direct beam is covered. As will be further discussed in Section 6.4, the direct and indirect beams are not accessible for detection at the same time owing to the energy threshold for detection.
Due to the detection method (Section 3), the following limitations need to be considered when planning the ISN observations. The first limitation is given by the energy of atoms hitting the detector in the spacecraft frame. As demonstrated with IBEX -Lo, only atoms with the incoming energies greater than ∼ 10 eV are observable for H ISN , and greater than ∼ 20 eV for He ISN (Galli et al. 2015 (Galli et al. , 2019 Sokó l et al. 2015b ). The other limitation is defined by a minimum flux to provide a sufficient count statistics. We assumed that fluxes greater than 100 cm −2 s −1 sr −1 are measurable.
OBSERVATIONS WITH ADJUSTABLE BORESIGHT DIRECTIONS
An adjustable boresight direction provides the opportunity to observe various ISN gas species and populations from a range of vantage points as the spacecraft orbits the Sun. This includes tracking of the maximum flux in a first step, which arrives from different directions in the sky at different longitudes.
Maximum Fluxes
The distribution of the ISN gas inside the heliosphere is governed by the gravitational force (and modified by the radiation pressure for H and D) and the solar ionizing environment; thus, different observation geometries are needed to observe the flux maximum for different species throughout the year and during different phases of the solar activity cycle. The solar cycle modulates the flux by ionization and, for H and D, by radiation pressure, which also results in a shift of the peak location, as demonstrated for H (Kowalska-Leszczynska et al. 2018a; Galli et al. 2019; Rahmanifard et al. 2019) . Figure 5 presents the resulting maximum fluxes of selected species and populations. The elongation angles ε FOV (top panels), the fluxes (middle panels), and corresponding average kinetic energies of the maximum flux beam (bottom panels) as a function of time during solar minimum (left) and solar maximum (right) are presented. In general, the elongation angles of the maximum flux are close to about 80
• at the beginning of the year, and they increase toward the antisunward direction around DOY 200. Then, the maximum flux elongations decrease steeply to ε FOV < 90
• around DOY 240 or later, depending on the species and population, when the indirect beam flux dominates over the direct beam flux. Different species and populations have different peak locations, which is a consequence of different flow parameters and of different modulation of the bulk flow trajectory and the flux magnitude by the solar-cycle effects. The most pronounced differentiation in the peak location between the species and populations occurs in the second half of a year ( Figure 5 ). Typically, the elongations for maximum flux of different species and populations gather in a corridor with a width of ∼ 15
• during the first few months and the last two months of a year during solar minimum conditions. For the remaining months, the corridor width extends because of larger separation of the peak locations. For most of the time, the corridor width is determined by the peaks of H pri (lower limit) and He sec (upper limit). During solar maximum, the corridor width is wider, mostly due to the lower elongation of the H pri peak caused by the solar-cycle variation of the radiation pressure (see, e.g., Tarnopolski & Bzowski 2009; Kowalska-Leszczynska et al. 2018a ) and differential ionization losses (Bzowski et al. 1997) . The trajectories of the remaining species (He, Ne, O) are not affected by the solar-cycle changes. Ionization losses do not change the atom kinematics, but only the magnitude of fluxes inside the heliosphere. Thus, the flux peaks for those species are expected at similar locations during different phases of solar activity, with small variations as a result of differential ionization. The separation of the ISN flux peak locations between species and populations could mean that the boresight direction of the detector needs to be adjusted every day depending on the target. However, continuous pointing toward the peak location will not necessarily result in satisfactory observations because two other factors need to be considered: the energy of the incoming atoms in the reference frame of detector, and the magnitude of the flux. The middle row panels of Figure 5 present the expected maximum flux in absolute units as seen by the detector. The He pri flux is the largest, and it dominates by more than one order of magnitude over the maximum fluxes of the remaining species regardless of the phase of the solar activity cycle. The He pri flux at the detector exceeds 3 × 10 5 atoms cm −2 s −1 sr −1 for about eight to nine months during a year, with a decrease to less than 5×10 4 cm −2 s −1 sr −1 between September and October. Thus, it should be possible to observe He pri throughout almost the entire year with appropriately adjusted ε FOV direction.
The next-highest flux is that of He sec , about 4 × 10 Saul et al. (2013) and Galli et al. (2019) . It is related to the increase of the ionization rate and the radiation pressure with solar activity. The preferable boresight orientations for probing the secondary populations are discussed further in Section 6.1. The ISN Ne and O gas co-flow with He pri , and the highest flux ratios of Ne and O with respect to He ISN are expected in September, when the Ne maximum flux is (6−7.5)×10
−4 of the He ISN flux, and in July/August, when the O maximum flux is (7−10)×10 −4 of the He ISN . However, the overall maximum fluxes of Ne and O are expected at the beginning of May at elongations ranging from 128
• to 136
• (see Figure 5) . The difference in time between the flux peak and the maximum ratio with respect to He ISN is due to the decrease of He ISN flux in time, while the Ne and O fluxes are still high. Moreover, from June to September, the flux peak elongations are greater than 150
• , which means that a small portion of the sky is covered by the FOV (see Figure 4) . The signal is confined to a small solid angle, which provides an opportunity to increase the statistics of measurements. Such observation geometry is especially beneficial for Ne and O, whose fluxes are generally low.
The bottom panels of Figure 5 present the energy of impacting atoms of the maximum flux presented in the middle panels in the detector reference frame. In general, the highest energies are expected for Ne and O atoms (greater than 500 eV), while the lowest energies are expected for H atoms (about 20 eV). The greatest energies with respect to the detector are from December to March, when the ISN gas flows against the detector and the velocities of the detector and the atoms sum up. The lowest energies are around August/September, when the detector moves with the gas. The energy of atoms entering the detector system might significantly influence the determination of the observation season for specific objectives. For example, around DOY 269, at ε FOV = 116
• , the flux of He pri is above 10 4 cm −2 s −1 sr −1 , but the energy is about 10 eV, which is definitely too low to satisfy detection with the technology available nowadays. However, at the same DOY, the maximum flux of He sec is observed at ε FOV = 64
• with ∼ 8×10 3 cm −2 s −1 sr −1 and an energy of about 100 eV, which satisfies detection (see also Figure 8 ). Therefore, only He sec will be observable that day, and thus the boresight of the detector needs to be adjusted accordingly.
The determination of the best seasons to observe various ISN gas species depends on several observational conditions. The first two, already mentioned, are the sufficiently high flux and the energy higher than the threshold for detection. Another important aspect is the presence of atoms of other species in the FOV and an ability to differentiate between species in the detector system. Figure 5 illustrates that when tracking the ISN species along Earth's orbit, He pri has the highest fluxes among the species in question. However, its energies decrease from May to October, making the detection more challenging. In the case of H ISN , both fluxes and energies are much lower than those of He ISN , with the energies close to the detection threshold and with the flux magnitude variable by almost two orders of magnitude over the year during solar maximum.
Ne and O have the highest energies because of their higher masses, but their fluxes are three orders of magnitude lower than that for He ISN , because of lower abundance in the VLISM and higher ionization losses inside the heliosphere (see, e.g., Figure 8 of Sokó l et al. (2019)). The highest energies for Ne and O are expected at the end of January. However, the highest fluxes are expected at the beginning of May each year, when the energies are reduced by about 70%. As further discussed in Section 6.2, the Ne and O beams are narrow also in spin angle, which causes an additional challenge for detection.
The most challenging species to detect is D ISN , which, despite relatively high energies, has very low flux. Please note that the peak fluxes for D ISN presented in Figure 5 are multiplied by 10. Again, the highest flux of D ISN is expected when the energy decreases and is predicted to be of the order of a few atoms per cm
between April and May. Similarly to H ISN , the expected fluxes are reduced during solar maximum, up to about 50% in the case of D ISN . The discussion of optimization for the D ISN observations is presented in Section 6.3.
Comparison with a Fixed Boresight Direction
The maximum fluxes of the ISN species calculated with the boresight direction fixed at ε FOV = 90
• are presented in Figure 6 . The first and most striking difference, when compared with the adjustable boresight pointing, is the reduction of observation time for all species and populations. Also, the time periods when the maximum flux is observed are limited to the first three months of each year. Next, the maximum fluxes are reduced, differently for different species. Note that Figure 6 . Same as in Figure 5 but with the boresight direction kept constant at εFOV= 90
• during the entire year (the IBEX -Lo observation geometry).
the simulations for ε FOV = 90
• and ε FOV = 90
• were carried out assuming an identical FOV size.
Tables 1 and 2 summarize the peak locations for the species and populations discussed for two variants of the orientation of the boresight, with ε FOV adjusted to track the maximum flux of the ISN flow and with ε FOV = 90
• during solar minimum and solar maximum, respectively. Together with the time and ecliptic longitude of the peak, the ratio of the maximum fluxes measured with these two orientations is presented. The largest gain in the ISN flux observed with the boresight directed toward the flux maximum is expected for D, O, and H, which is up to 70%. The gain is about 10% for He sec and Ne during solar minimum and about 20 − 30% during solar maximum. In the case of He pri , the gain in the maximum flux sampling is ∼ 1% during solar minimum and ∼ 10% during solar maximum. However, the available time for probing the high flux of both He pri and He sec is greatly extended, from one month with ε FOV = 90
• to almost a whole year with ε FOV = 90
• . Hence, one of the main advantages of the adjustable boresight direction for observation of the ISN gas is an improvement in the statistics due to much longer observation times during the year.
Accessible Observation Geometries
Tracking the ISN flux maximum is not the only possible observation scenario to fulfill the SOs listed in Section 2. With an instrument with a capability to adjust the boresight direction, the ε FOV can be set off the peak and provide successful observations for most of the Figure 7 . Maps of DOY-εFOV combinations when the ISN gas of a given species is detectable in at least three spin angle bins. Filled circles correspond to solar maximum, and open dots correspond to solar minimum. The energy and flux requirements are adopted as stated in Table 3 . The blue circles in the DISN panel present the observation region determined by the analysis of the DISN count rates as described in Section 6.3. The red circles in each panel present the DOY-εFOV combination for the maximum flux within the region showed.
species discussed. Figure 7 shows DOY-ε FOV combinations accessible with an adjustable boresight direction of the FOV for given species and populations through the entire year. We applied similar criteria to select these combinations according to the limitations in energy and flux as described in Section 4 (and summarized in Table 3). A given DOY-ε FOV combination was included, if the signal fulfills the flux and energy criteria for more than three spin angle bins. Open circles illustrate results for solar minimum, and filled circles illustrate results for solar maximum. In each panel the location of maximum flux is shown in red. A comparison of the open and filled circles indicates how much the potential observation seasons can be extended during the solar minimum, 
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Note-F stands for flux, λ ecl is the ecliptic longitude of the observer. Subscript "1" ("2") refers to observation geometry with εFOV = 90
• (εFOV= 90 • ). The DOY-εFOVcombinations are determined within the grid presented in Figure 3 , thus ∆εFOV= 4
• and ∆DOY= 4 days. which is the most pronounced for H ISN . Also, the observation season for Ne is longer during solar minimum, with detection possible in the cone region starting from about DOY 330. With a carefully defined observation geometry, both He pri and He sec might be accessible for detection throughout the entire year during both solar minimum and solar maximum. However, as further discussed in Section 6.1.1, He sec is observed in the wings of the spin angle distribution for many DOY-ε FOV combinations, and to fully resolve it from He pri a dedicated observation geometry needs to be applied. The same applies to H sec as further discussed in Section 6.1.2. The preferable observation season for H pri and H sec is the solar minimum, when H sec can be tracked during the entire year (see Figure 7) . During solar maximum, the season for H ISN is limited to about 100 days for H pri and about 180 days for H sec , but the contribution from He sec in the detection process also needs to be taken into account (see Section 6.1.1).
In contrast to He ISN and H ISN , for which the range of ε FOV accessible for observations is wide, for Ne and O the ε FOV needs to be set precisely to obtain the peak flux. As illustrated in Figure 7 , the Ne and O observation season is limited to the first eight months of a year, with an additional month of observations for Ne at the end of a year during solar minimum. The observation of D ISN is possible during the second quarter of a year with ε FOV directed either to the maximum of the flux or to the direction where the contribution from the He ISN is negligibly small (more in Section 6.3). In contrast to the first scenario, the latter one allows for observations also during solar maximum. However, in that case, the observations are hampered by very low fluxes and thus very low counting statistics; a discussion of possible methods to observe D ISN is further provided in Section 6.3.
6. DISCUSSION Figure 7 shows the accessible DOY-ε FOV combinations for various species and populations separately. However, to successfully address the SOs described in Section 2 (Figure 1 ), a dedicated observation geometries need to be determined. In the following sections, we discuss observation geometries favorable for observations of secondary populations of H and He (Section 6.1), ISN Ne and O gas (Section 6.2), the observation possibilities for D ISN (Section 6.3), and for the indirect beams of He ISN (Section 6.4).
Secondary Populations
The secondary populations are products of charge exchange between the ISN atoms and ions in OHS (Baranov & Malama 1993). The secondary populations of H (Lallement et al. 2005) , He Kubiak et al. 2014) , and O (Park et al. 2016 ) have been discovered in the heliosphere. Thus far, the secondary populations could only be analyzed based on the IBEX -Lo (Kubiak et al. 2016; Bzowski et al. 2017; Baliukin et al. 2017; Kubiak et al. 2019; Park et al. 2019) and Ulysses (Wood et al. 2017) measurements. In Sections 6.1.1 and Note-The observational limitations for flux and energy (in detector reference frame) and visibility in minimum three spin angle bins are applied. The content of the table corresponds to Figure 7 .
Note-Indirect beams of Hepri (Hesec ) flux are observed up to about DOY 321 (DOY 289) because later direct and indirect beams start to mix up.
6.1.2 we focus on how to observe the ISN gas to see secondary populations of He and H separately from the primary flow populations with measurements from the Earth's orbit.
Secondary He
The flow of He sec detected from the vicinity of Earth's orbit appears deflected in angle by 7.9
• relative to He pri (see Section 4). That apparent spatial separation of fluxes allows IBEX -Lo to observe He sec every November/December, when the He sec flux exceeds the He pri flux. However, when running a campaign to track the ISN flow with the detector's boresight of an instrument with IMAP -Lo capabilities, the He sec will remain below the high He pri flow (see Figure 5 ). Thus, a dedicated observation campaign for He sec needs to be defined as well.
Favorable observation geometries for the He sec can be implemented in multiple ways. As a first possibility, the boresight could be pointed toward the secondary population peak. However, then the peak of He sec is accompanied by a high flux of He pri and thus both populations are observed simultaneously, with He pri in the center of the distribution and He sec in its wings as a function of spin angle. That case is presented in the top and middle rows of Figure 8 . The maximum flux of He ISN (sum of He pri and He sec ) is observed on DOY 45 at ε FOV = 96
• during solar minimum (top row) and on DOY 81 at ε FOV = 112
• during solar maximum (middle row). During these DOYs, the maximum flux of He sec is observed at ε FOV = 104
• and ε FOV = 116
• (not shown), respectively. However, the peak of He sec flux is covered by the He pri flux and dominates over He pri only in the wings of the distribution in spin angle. Thus, as a second possibility, the boresight could be pointed toward directions where the He sec flux is separated substantially from the He pri flux in spin angle, as observed on DOY 273 at ε FOV = 76
• in the middle panel of the • during solar maximum, while the maximum of Hesec is observed at εFOV= 116
• on this day (not shown). Bottom row: various εFOV orientations on DOY 273 during solar minimum (solid lines) and solar maximum (dashed lines) illustrating the capability to observe the direct and indirect beams.
bottom row of Figure 8 . In that case the peaks of He sec and He pri are separated in spin angle, and additionally the energies are high enough for detection only for He sec . A third possibility is to select DOY-ε FOV combinations for which the He sec flux dominates significantly over the He pri flux, as on DOY 45 at ε FOV = 120
• or on DOY 81 at ε FOV = 136
• , where it is a few degrees off the maximum flux. There are DOY-ε FOV combinations for which both He pri and He sec fluxes are comparable, such as on DOY 81 at ε FOV = 128
• (middle panel of the middle row in Figure 8) . The difference in the distribution width in spin angle of the populations (He sec is wider than He pri ) allows us to distinguish the contributions to the measured flux from these two populations by means of model-assisted data analysis.
The preferred viewing direction depends on the adopted observation goal. The study shows that to separate the He sec from the He pri the FOV should be directed off the peak of the populations. The fluxes are overall lower than in the peak, but within the observability limit, and the separation is possible because the flux of He sec is much higher than that of He pri (e.g., ∼ 50 times on DOY 45 at ε FOV = 120
• or ∼ 30 times on DOY 81 at ε FOV = 136
• in Figure 8 ). The best observation strategy to study the He sec flux can be to detect it either in the wings of the spin angle distribution of the He ISN flux with He pri flux in the core (as done on IBEX -Lo) or with ε FOV at few degrees off the maximum flux of both He pri and He sec where differences in flux magnitude and energy of the atoms facilitate detection. A comparison of DOY-ε FOV combination maps for He pri and He sec in Figure 7 shows that He sec is accessible to observation for a larger number of DOY-ε FOV combinations than He pri . Thus, it is possible to select such offset angles of He sec from He pri , which allow for their separation throughout the entire year.
6.1.2. Secondary H Figure 5 shows that H sec flux dominates the H pri flux during the first few weeks of the year and in the second half of the year, when, unfortunately, for most of the time the energies of both populations are below 10 eV, which is the energy threshold of the ISN detector. Inspection of the distribution of the H pri and H sec fluxes as a function of spin angle shows that the H pri beam is narrower than that of H sec . The H pri flux exceeds the H sec flux only for a few spin angle bins with the H sec at the wings of the spin angle distribution, as clearly visible in the middle column of Figure 9 . This means that when the boresight is pointed toward the maximum flux of H ISN , both populations are detectable, similar to the case of He ISN populations. Thus, to observe H sec without contribution from H pri a special observation campaign should be applied. In general, the possibilities considered for He sec in Section 6.1.1 can be applied.
The maximum flux of the H ISN is observed on DOY 109 at ε FOV = 109
• during solar minimum and on DOY 121 at ε FOV = 112
• during solar maximum, as presented in Figure 9 . These are cases when the narrower H pri dominates the flux in the core and the wider H sec occupies the wings of the distribution in the spin angle. The boresight should be shifted about 20
• off the peak direction to observe only the H sec without a significant contribution from the H pri flux (see left and right panels in the top and middle rows of Figure 9 ). However, shifting the boresight toward greater ε FOV angles leads to the He sec also being in the FOV. H sec and He sec are separated in energy (bottom panels of Figure 9 ), but the detection mechanism for He atoms by products sputtered from the conversion surface (see Section 3) leads to a contribution of ions sputtered by He sec in the energy channel occupied by the converted H sec ions (Galli et al. 2019) . As a consequence, the He sec present during the H sec observations may affect the interpretation of the measurements, especially when the H atom energies are close to the detection limit. Thus, from the two possibilities to shift the ε FOV off the peak direction for separation of H sec from H pri , only the one that satisfies the criterion to detect solely H sec is favorable. The preferable observation time for H ISN is the solar minimum when the maximum fluxes and energies are high. During low solar activity, the total ionization rates are low and the radiation pressure is less effective, and thus more H ISN atoms survive to closer distances to the Sun. The bottom panels of Figure 9 present ε FOV settings on DOY 301, when the maximum flux for both H pri and H sec is observed for ε FOV < 90
• . These are conditions when the indirect beams of He ISN are expected. However, as the results show, this part of the orbit is favorable for H ISN observations neither during solar minimum nor during solar maximum. During solar minimum, the fluxes would be sufficient for detection only for those spin angles where the corresponding energies are too low for detection. For spin angles where the energies are high enough, the fluxes are too small. The situation is the same for both the flux peak of the H pri (ε FOV = 64
• ) and the flux peak of H sec (ε FOV = 80 • ). During solar maximum, only H sec flux is high enough, with the maximum flux observed at ε FOV = 72
• , but the energies are too low to fulfill the detection conditions. Additionally, comparison of the filled (solar maximum) and empty (solar minimum) pixels of the DOY-ε FOV combination maps in Figure 7 for H pri and H sec illustrates the difference in observation possibilities for H ISN during the solar cycle. During solar maximum, the observation opportunities for H ISN are limited to the first six months of the year, whereas during solar minimum, observations of H sec are accessible throughout the entire year with properly adjusted boresight directions. These should provide successful observation of H ISN together with better counting statistics with observations in less foreground, as on IMAP -Lo.
ISN Ne and O
The ISN atoms of Ne and O have been detected in the heliosphere indirectly by measurements of pickup ions (Geiss et al. 1994 ) and directly in IBEX -Lo observations Park et al. 2015) . Their contribution to the ISN signal was also searched for in Ulysses measurements (Wood et al. 2015a) . As shown in Figure 6 for the IBEX -Lo observation geometry, mea- surements of ISN Ne and O atoms are limited to a few weeks between January and February. With the capability to track the ISN flow, the maximum of the Ne and O flux, expected between April and May, can be observed. Consequently, the fluxes are a factor of 1.5 (1.1) times higher for Ne and a factor of 4.2 (2.6) times higher for O during solar maximum (minimum); see Table 2 (Table 1 ). Due to their higher mass, Ne and O have higher energies and thus are separated in energy from the other species (see the middle panels of Figure 5 ), which facilitates their detection and identification. However, due to lower abundance in the VLISM, the fluxes of Ne and O are small compared to He ISN and H ISN (by three and two orders of magnitude, respectively; see Figure 5 ). Moreover, the flow is collimated, and thus the distribution in spin angle is narrow, in contrast with those for He ISN and H ISN (see Figure 10) . Because the beam is narrow, the range of possible observation geometries to record sufficiently high flux of ISN Ne and O is limited to a total span of about 8
• , allowing for a reduction of the flux to 50% of the maximum (see also Figure 7 ). Thus, there are two possible scenarios to observe ISN Ne and O: first, to track the maximum flux when the energies are high and ε FOV allows for probing the spatial distribution (DOY 100-160), and second, to observe the maximum flux at ε FOV > 150
• at small conical angle with very precise pointing, which increases the counting statistics (DOY 160-240). • during solar minimum and by 8
• during solar maximum are presented in Figure 10 ). However, the observation scheme can be adjusted in flight to verify the accuracy of the flow direction and thus FOV pointing for these two species. Alternatively, keeping the boresight direction fixed for a few days allows for a transition of the boresight across the peak of the flux. Such a transition through the maximum flux of various species will give an answer about the degeneracy of the flow parameters obtained with the IBEX observation geometry.
In general, with accurate pointing, periods when the ISN O dominates over the ISN Ne signal and vice versa can be determined. ISN O dominates over Ne in flux in a period DOY 45 − 265 during solar minimum and DOY 69 − 241 during solar maximum (Figure 11 ). However, the limitations for detection in flux and energy need to be considered, which make the last ∼ 40 days and the first ∼ 40 days in a year preferable for Ne observations, especially during solar minimum (see Figures 5, 7 , and the middle panel of the bottom row in Figures 10, and 11) . The observation geometry for detection of ISN Ne solely at the end of a year needs to be set precisely, since the fluxes quickly drop when the ε FOV is shifted a few degrees off the peak, as is illustrated in the bottom row of Figure 10 . A comparison of angular distributions from the time periods when Ne dominates in flux over O, and vice versa, can be used to search for any differences in the ISN flow parameters for these two species, which show up as a mixed distribution. Moreover, the variation of the flux ratios as a function of longitude (Figure 11 ) can be used to independently deduce the ratio of the total ionization rates for these two species.
ISN D
The feasibility of D ISN detection was demonstrated by IBEX -Lo during the low solar activity of -2011 (Rodríguez Moreno et al. 2013 . With the possibility to point the ISN detector boresight toward the peak of the beam, it may be possible to increase the capability to detect and identify D ISN atoms. The maximum fluxes of D pri and D sec are expected in the first six months of a year (see Figure 5) . However, the fluxes are low, especially during solar maximum. In Figure 12 • ; see top panel of Figure 5 ) and kept constant (εFOV= 90
• ) during the solar minimum (solid lines) and the solar maximum (dashed lines). Please note that the fluxes are in absolute units.
relative to the Sun (the IBEX -Lo observation geometry). The purple lines present the fluxes observed with the boresight adjusted to track the flux maximum within the adopted limitations (see Section 4) with ε FOV varying with time as presented in the top panels of Figure 5 . As the comparison shows, the maximum flux is expected about two months later in the latter case and is about 4 times greater (Figure 12) . However, the absolute fluxes are still low compared with the fluxes of the other ISN species. Additionally, solar minimum is favorable for D ISN detection over solar maximum.
The observation of the D ISN during a period when the flux is at its maximum would be the best observation strategy in the absence of other species because of the low D abundance. Unfortunately, the maximum of the D ISN flux is expected when the He ISN flux dominates the ISN signal ( Figure 5 ). As discussed by Rodríguez Moreno et al. (2014) , D ISN needs to be observed when the He ISN flux is low (see their Figure 4 ). This is because He ISN atoms sputter D − ions from the water layer on the conversion surface of the detector. Because the species are identified by the composition of the products entering the time-of-flight system (Section 3), it would be impossible to distinguish the converted ISN D − ions from the terrestrial D − ions sputtered off the conversion surface by the He ISN . Thus, to detect D ISN the contribution from the He ISN (and other species that sputter D − ions) needs to be as low as possible. Such conditions are found with the IBEX -Lo geometry (ε FOV fixed at 90
• ), but only for very low D ISN fluxes. We apply the methodology adopted by (Rodríguez Moreno et al. 2013 to distinguish the converted ISN D − ions from the terrestrial D − ions and to assess the D ISN count rates. We calculate the count rates of D − ions converted on the conversion surface from the simulated D ISN flux (cD) under the assumption that the conversion efficiency from neutral atom to negative ion is the same for both hydrogen isotopes. All other factors that contribute to the geometric factor adopted from IBEX -Lo are independent of species. Because D ISN atoms arrive with twice the energy of H ISN atoms, the expected D count rate can be obtained by multiplication of the simulated D flux by the geometric factor for H for the energy step (ESA) 3 based on IBEX -Lo calibrations and observations: The flow of the ISN atoms at every location inside the heliosphere is split into the direct and indirect beams (Section 2). Atoms of indirect beams have been exposed longer to the ionization losses, and they probe closer distances to the Sun than those of the direct beams. Ideally, if the two beams can be measured at the same time, then the differences in the measured fluxes are a direct measure of the differences in the total ionization rates that the atoms are exposed to along their trajectories. In reality, the indirect beam is observed in the antiram direction in the spacecraft frame, i.e. when the spacecraft recedes from the ISN flow, while the direct beam is in view in the ram direction. For observations in the antiram direction, the energies of most ISN species are too low for detection, as has been demonstrated for ISN He by Galli et al. (2015) . It should be noted that the indirect beam is only strong enough for observation in the downwind half of the orbit around the Sun. The further upwind the indirect trajectories cross 1 au, the lower is the survival probability for these ISN atoms, as they come very close to the Sun and their arrival direction moves very close to the Sun in the sky. While the IMAP -Lo pivot platform provides the capability to point the boresight closer to the Sun than at 90
• , it is limited to 60
• from the Sun to avoid exposure to the solar UV light and the solar wind. This limitation is likely to be applicable to any future detectors of ISN gas. For these reasons, the best part of the orbit to observe the indirect beam is in the downwind hemisphere and actually before the crossing of the focusing cone, when the indirect beam arrives from close to the ram direction. Concentrating on He ISN , this condition is met on about DOY 260, when the elongation of the He ISN peak drops below 90
• (see the top row of Figure 5 ), first for He sec and next for He pri .
In the focusing cone region (November/December) direct and indirect beams cannot be untangled because of the symmetry of the flow distribution with respect to the flow direction. This is not a favorable observation geometry for separation of these two beams. The direct and indirect beams should be observed separately either at different locations around the Sun or at the same location but at different boresight directions. However, in both cases the reduced magnitude of the indirect beam flux needs to be considered. We have looked for the optimal pointing of the detector to probe the indirect beam. Within the considered pivot range (60
• ≤ε FOV ≤ 180 • ), the indirect beam fluxes of He sec start to be detectable around DOY 173 during solar minimum and around DOY 205 during solar maximum (see Table 3 ). The indirect beam flux dominates the direct beam flux on about DOY 240 (DOY 260) for He sec and DOY 270 (DOY 280) for He pri during solar minimum (maximum) at elongation angles ε FOV < 90
• . At the same time, the direct beam is expected at elongation angles of ε FOV > 90
• . However, as illustrated in Figure 13 (see also the bottom panels of Figure 8 ), the energies of the direct beam atoms are of the order of about 20 eV, which might be challenging for detection, and thus only the indirect beam atoms have energies satisfying detection. On the other hand, before DOY 260, the direct beam atoms have an energy high enough for measurements at ε FOV > 90
• , but the indirect beam is visible on a elongations ε FOV < 60
• . If we had a detector with the capability to measure at elongation angles around 30
• − 40
• from the Sun, the observations of both beams in the same location would then be possible. Thus, we conclude that the simultaneous observation of both direct and indirect beams of ISN flow at the same location but with different ε FOV angles is not possible with the pivot range capabilities considered here owing to energetic reasons. The indirect beams of Ne and O could be observed during the same part of the orbit, if only the fluxes were high enough for detection.
A study of the fluxes of the indirect beams and comparison with the fluxes of the direct beams measured along the detector's orbit around the Sun can serve to investigate the variation of the total ionization rates as a function of the distance from the Sun, especially a contribution from the electron impact ionization, for which the input to the total ionization rates increases significantly inside 1 au (e.g., Figure 4 of Sokó l et al. 2019). The locations of the perihelia of the He ISN atoms on indirect trajectories are inside the Earth's orbit and reach as close to the Sun as 0.26 au. Comparison of the He ISN flux of the indirect beam with that of the direct beam, which does not pass closer to the Sun than 1 au, will allow us to investigate the differences in the total ionization rate between 1 and 0.3 au. This will allow for an Figure 13 . Flux of Hepri calculated on DOY 285 at εFOV= 60
• , where the indirect beam is accessible with peak in spin angle bin 96, and at εFOV= 90
• , where the direct beam is expected with peak in spin angle bin 294. However, the direct beam is not accessible for detection because of very low energies as illustrated in the bottom panel. This plot illustrates the spin angle variation of the flux along the FOV in the sky presented in Figure 4 . See also similar case in the bottom panel of Figure 8. independent assessment of the total ionization rates for ISN gas species.
Together with the knowledge about the ionization rates due to photoionization and charge exchange reactions based on simultaneous observations of the solar EUV flux and the solar wind (e.g., Sokó l et al. 2019), the electron impact ionization rate can be deduced for the critical region inside the Earth's orbit. Figure 14 presents ratios of the He pri flux calculated with the total ionization rates without and with electron impact ionization included. The ratios are shown for maximum fluxes for selected DOYs for the direct beam (left panel) and the indirect beam (right panel). The contribution of the electron impact ionization for the direct beam atoms is less than 10%, while for the indirect beam atoms it may be as high as 50%. Additionally, the effect on the indirect beam increases with the angular distance from the downwind direction (which is approximately on DOY 342).
In addition, the latitudinal variation of the ionization rates can be investigated through the observation of the ISN O as pointed out by . The variation of the ISN O density in the ecliptic plane reflects the latitudinal structure of the ionization rates (see Figure 14 of Sokó l et al. (2019)). Thus, the time series of measurements of ISN O in the downwind hemi- Figure 14 . Ratio of the maximum fluxes of Hepri calculated with the total ionization rates without the electron impact ionization (β ele ) included to the maximum fluxes with the electron impact ionization included in the total ionization rates for selected DOYs. Left panel: ratio for the direct beams; right panel: ratio for the indirect beams.
sphere around the cone region should provide information about the anisotropy of the total ionization rates, due to the latitudinal structure of the solar wind and the solar EUV radiation. However, the fluxes of the indirect beam of ISN O are too low to be accessible to measure.
POTENTIAL OBSERVATION SCHEDULE DURING SOLAR MAXIMUM
Based on the insight discussed in the preceding sections, we present a potential observation schedule for an instrument with the capabilities similar to the planned IMAP -Lo detector on an Earth-like orbit during solar maximum. It can be applied to any instrument with the capability to adjust the boresight direction in flight. The objective of the plan is to maximize accomplishment of the science goals presented in Section 2. The plan is sketched with the order of the science priorities, as laid out in this paper, the primary populations first, the secondary populations next, etc. The plan is flexible and can be adjusted to shift the emphasis as new information arises. It is arranged chronologically over the year, but it can start at an arbitrary moment of the year, depending on the actual launch date and the duration of the payload commissioning.
The plan is described in the following text sequence and supplemented by the illustrations in Figure 15 . It has been compiled with the following boundary conditions and priorities in mind: (1) an upper limit for elongation is set to ε FOV ≈ 160
• , to avoid emission from the Earth's geocorona in the FOV (Baliukin et al. 2019) ; (2) we particularly include the observation geometries of the He sec and H sec populations without contribution from He pri and H pri , (Sections 6.1.1 and 6.1.2); (3) the year is divided into several seasons by a range of DOYs motivated by the SOs; (4) limitations in energy, flux magnitude, and the presence of the signal in at least three spin angle bins are applied similarly to those in Figure 7 and Table 3 . When for any given range of DOYs more than one observation goal may be possible, the observational goals are ordered starting with the highest priority from the scientific perspective (starting from A, next B, next C, etc.) as argued in Section 2. The multichoice observation plan presented above is sketched in the top panel of Figure 15 . For any given elongation settings, most of the time several ISN species are visible, albeit at different energies. The largest number of possible observation geometries is for the first six months of a year, when all species and populations are accessible. The last six months of a year are a period when the indirect beams of He ISN are accessible for detection. In the last two months both He pri and He sec together with H sec are targets for the ISN observations. 
SUMMARY AND CONCLUSIONS
The bottom panel of Figure 15 complements Figure 1 and, together with Figure 7 provides observational periods for the SOs discussed in Section 2. The observations of the He pri flux to determine the fundamental ISN gas flow parameters are possible throughout the entire year, as well as the observations of the He sec which can be observed either together with the He pri flux or without its significant contribution (Section 6.1.1). These two provide the capability to study the plasma flow and processes in the OHS. Supplemented with observations of H pri and H sec , which require different observation geometries, especially during solar maximum, these provide key information about the physical state of the VLISM. They will also contribute to resolving the questions about the abundance ratio of the secondary O population. Thus, the first five SOs described in Section 2 are achievable with observations conducted throughout the entire year with appropriately adjusted boresight direction.
The study of the VLISM composition through the Ne/O and D/H ratios requires successful observations of those species, which can be achieved only during a limited time period each year, when both Ne and O and both D and H satisfy the measurement limitations. With better statistics due to increased observation periods and precise adjustment of the observation directions to the peak location in the sky for heavy atoms, it will be possible to determine precisely the Ne/He, O/He, and D/H abundances at the termination shock. The determination of the abundance of ISN species in the VLISM by analysis of measurements from the Earth's orbit will additionally benefit from independent determination of the total ionization rates that act on the ISN gas at distances close to the Sun. This is achievable through the study of the indirect beams of the ISN gas, which will provide access to the electron impact ionization rate inside 1 au with carefully adjusted boresight directions in a period from July to November each year. Moreover, with the capability to track the flow maximum, measurements of the ISN gas flow in the upwind direction are possible, where the gas flow is not distorted by the Sun's gravitation contrary to the downwind hemisphere. Together with observations from different vantage points throughout the year, this should allow for breaking the parameter correlation present in the IBEX -Lo data.
Therefore, observations of the ISN gas with an instrument whose boresight direction is adjustable, such as IMAP -Lo (McComas et al. 2018), will facilitate major progress in the study of the ISN gas, the heliosphere, and the VLISM. As presented in Section 7, many possible observation geometries may be chosen during a year, even during solar maximum, which is unfavorable for observations of ISN gas species other than He. The observation plan present here can be applied to any instrument with a similar capability to adjust the boresight direction, and it can be easily adjusted to other observation conditions. Moreover, we present when and how to observe the ISN gas flow to achieve the SO listed in Section 2. As we discussed, the observation geometry can be adjusted based on the observation target and the science goal to accomplish. The flow peak can be tracked, the wings of the distribution functions can be sampled, the secondary population flow can be separated from the primary population, the statistics for heavy species can be increased, and the observations from different vantage points can be combined to provide a three-dimensional view of the ISN gas-heliosphere interaction. The study of the ISN gas from the vicinity of the Earth's orbit is key to remotely investigating the boundary regions of the heliosphere and the very local interstellar environment (Section 2 and Figure 1 ), but to achieve those goals, the complete hierarchy of observation targets needs to be addressed. This paper demonstrates how this can be accomplished through planning the future ISN gas observation. As a consequence, the boundary regions of the heliosphere and the physical state of the VLISM will become more accessible to a comprehensive investigation than ever before. 
